The travel time data collection method is used to assist the congestion management. The use of traditional sensors (e.g. inductive loops, AVI sensors) or more recent Bluetooth sensors installed on major roads for collecting data is not sufficient because of their limited coverage and expensive costs for installation and maintenance. Application of the Global Positioning Systems (GPS) in travel time and delay data collections is proven to be efficient in terms of accuracy, level of details for the data and required data collection of man-power. While data collection automation is improved by the GPS technique, human errors can easily find their way through the post-processing phase, and therefore data post-processing remains a challenge especially in case of big projects with high amount of data. This paper introduces a stand-alone post-processing tool called GPS Calculator, which provides an easy-to-use environment to carry out data post-processing. This is a Visual Basic application that processes the data files obtained in the field and integrates them into Geographic Information Systems (GIS) for analysis and representation. The results show that this tool obtains similar results to the currently used data post-processing method, reduces the post-processing effort, and also eliminates the need for the second person during the data collection.
Introduction
Today's dependence on the automobile has created a downfall in the traffic environment. Peak hour traffic congestion has become an everyday problem throughout the world, and has reduced the quality of our lives. Previous studies reported that accurate measurement of travel time and delay is important for transport planning, land use, public health, selecting and assessing safety countermeasures for various transportation facilities [1] [2] [3] . As essential attributes in travelers' route and departure time decision, travel time and delay serve as important quality-of-service measures for dynamic transportation systems [4] [5] [6] [7] . This requires new technologies to be developed to study and curtail traffic congestion problems. The travel time data collection method is used to assist the congestion management by documenting congestion information such as travel time, average speed, or delay time [8] . The use of traditional sensors installed on major roads (e.g. inductive loops, AVI sensors) [9] [10] [11] or more recent Bluetooth sensors [12] along arterials and freeways for collecting data is necessary but not sufficient because of their limited coverage and expensive costs for setting up and maintaining the required infrastructure [13] . As a relatively low-cost and high accuracy solution, GPS related data collection techniques have gained acceptance among transportation engineers and practitioners [14] . As a consequence, few software applications have been developed to use the GPS data collection technique in travel time studies.
Automation of the GPS technique is a difficult task; there is no easy way to accomplish the automation of this procedure. Many companies have addressed this problem by developing different applications for collecting and processing travel time data. Jamar Technologies Inc. has developed GPS travel time software that provided op-tions to view the summaries of the data. GETT (GPSBased Evaluation of Travel Time), created by the Texas Transportation Institute, has a capability to calculate delay at critical intersections separating the delay reasons: deceleration delay, stopped delay, and acceleration delay. TravTime is the software that is used to process the collected data for the travel studies. This program generates statistics by run and road characteristics, including generation of speed-distance diagrams. Similarly to GETT, this software provides auditing and visualizing capabilities. GPS Leader, by Battle Science and Technology International, is an in-vehicle data collection system that provides travel time study capability by collecting data on vehicle location and speed.
However, most are for industrial use and can be quite complicated. This urged the need to develop the automation application, GPS Calculator, to be simplified and easy-to-use software to conduct post-processing for data collected by using Trimble GPS Receiver and the Aspen software, which obtained the field data.
Current Data Collection Method
Since 1997, the Delaware Department of Transportation (DelDOT), with help from the Delaware Center for Transportation (DCT) at the University of Delaware, has been using the GPS technique to collect the travel time and delay data on all major roads and highways in the State of Delaware. The resulting data is then integrated into a GIS database (Figure 1(a) ) and Google Earth (Figure 1(b) ) for the assessment of traffic systems.
GPS data is collected using a Trimble GPS unit with Trimble TerraSync™ and GPS Pathfinder Office softwares installed. Using the Aspen software, the user creates dictionary files, which contain information about control-points. Additional information can also be entered if necessary. While running the Aspen software, we collect travel time information.
Problems with the Current Data Collection Method
The field data using Aspen were collected using two people in the test vehicle: a driver and a data collector. The data collector was focusing on the road and its control-points. Each time a control-point location was reached, the person entered a specific key to record the time of the control-point using Aspen, the recorded values become a separate file, called attribute file, while the rest of the GPS points remain in the velocity file.
This approach has two disadvantages. First data collection requires (at least) two people. More importantly, the data collector has the ability to miss control-points, or incorrectly record control-points by either recording them a few seconds too soon or a few seconds too late. Furthermore, data post-processing requires the data re- trieval and processing of the data using GPS Pathfinder to obtain the travel time, distance and delay time data. The control-point names had to be fixed after being exported into files if they were missed or pressed wrong. Also, the data files had to follow a certain format for the tool to calculate the distance, travel time, and delay time data. The required work to insure that the data files are in the correct format is time consuming. Moreover, error can be introduced as the data files must be manually check for correspondence between data and controlpoints. This error has the ability to propagate undetected throughout all stages of data post-processing.
Proposed Data Collection and Post-Processing Method
A new travel data post-processing tool named GPS Calculator, has been created using Visual Basic. This tool provides easy-to-use capabilities and performs the data post-processing task. Previous section described the data collection and post-processing, showing that this is time consuming and error prone. The new software will aim to eliminate some errors from both the collection and postprocessing steps. First, one person must collect the data by running the Aspen software without recording any data points manually. The only task is to start the software at the beginning of the course run and end it upon finishing. This eliminates one form of human error, being that a user no longer needs to manually record control-points. Secondly, the software can eliminate some error by automating data post-processing.
During the data post-processing, the collected Aspen file is exported into the Environmental Systems Research Institute (ESRI) shapefile (.shp) format, which is a data set stored in a spatial format. This format contains time, location, speed and other measures that are used to map the data. It contains the same velocity file data only in a shapefile form. No manual formatting of that data is required. It is important to note that the GPS Calculator is compatible with any file that is in the shapefile format, meaning it is not necessary that the file was created by Aspen.
There are three necessary files needed in order to use the new program:
• the road network shapefile • the pre-defined control-point information shapefile, and • the data shapefile we want to process
The road network file contains all the road centerline information for the road network. It is known as a centerline file, because the road lines are based on the center of the road, meaning multiple lanes are represented by a single centerline. Most of the states and countries have such a network created in a spatial format, for example, in a .shp form in ArcGIS or .tab form in Maplnfo.
The control-point shapefile contains all control-points created using the ArcGIS software. For example, if a control-point is at the intersection of Route 273 and Route 58, it is marked on the GIS map at an exact location. The file contains information about each point; by default it has its coordinates only, but additional information could be added, such as the name of the controlpoint, the road it belongs to and so on.
The third file contains the data obtained in the field: location, speed, bearing, time, and other information, recorded in one or two second intervals, depending on satellite signal reception. Occasionally, the intervals could also be longer than a second or two due to multipath.
GPS Calculator uses the obtained data file and checks every single data point entry. First it reads the position expressed in the State Plane Coordinate System, for example, Delaware zone 0700. Bach state has a different state plane zone, with most states having more man one zone. Then it confirms the position with the centerline file, by drawing data points at the obtained location and assigning a corresponding street name for each data point simultaneously, it detects the control-points specified in the control-point shapefile.
Mathematical Approach to the Control-Point Search
The centerline and control-point are detected by drawing a circular radius around each of the data points. The minimum radius of the circle is ten meters (32.81 feet). The program selects radius using a common formula:
The radius corresponds to the average radius of the GPS point according to the width of the road. However, the centerline may not fit perfectly, as the GPS points may be off due to a multipath, or the roads may change over the time, due to construction or some temporary road that is built but does not correspond to the centerline. Therefore, another search can be applied by increasing the GPS point radius. The centerline detection and distance calculation is obtained based on the following trigonometric equations. For visualization of the formulas see Figures 2 and 3. ( ) ( )
where (x 1 , y 1 ) is the centerline point, (x 2 , y 2 ) is the next centerline point, and (x 3 , y 3 ) is the collected GPS point If c 1 < 0 or c 2 < 0 then it fails, otherwise pdist is used as the true distance. The search for that particular point and segment combination fails because the collected point falls outside of the centerline segment. The program reads all GPS points, and using the formulas given above assigns the closest street's name found in the centerline file.
Data Post-Processing with the GPS Calculator
Using a GPS unit and Aspen software (or other GPS software), one starts to collect the travel data from the start of the course, driving back and forth as many times as needed. Upon completion of the run, one can end the program to stop the run. Next the data is exported into a shapefile format so it is ready to use. The following sections describe using all the functionality of the GPS Calculator.
Importing Data Files
After starting GPS Calculator, it is necessary to load the data files into the program. As previously mentioned, three files are required. The user must:
• Choose the road network shapefile • Choose the control-point shapefile • Choose the GPS point shapefile
Importing the Road Network
To import the road network shapefile, select the Browse button located next to the Road Shape File text box, seen in upper left corner of Figure 4 .
Once the file has been selected it must be cached using the Cache button located immediately to the right of the Road Shape File text box. It takes several minutes to process.
However, this procedure only must to be done once, the first time the file is used. Note mat this cache step must be repeated if any changes have been applied to the road network shapefile; the program will always ask you permission.
Importing the Control-Points
The user, with the help of ArcGIS 9.0 software, may create the control-point file with the location and names of the control-points. For example, intersection of SR 273 and SR 37 can be named "SR 273/SR 37". Inour case, we have created a control-point file, which contains information about control-point names only, using names and numbers of the intersecting roads.
The procedure for importing the control-point shapefile is identical to the road network shapefile importation procedure. Again, click the Browse button located next to the Control Points text box, seen in upper left corner of Figure 4 .
Once the file has been selected it must be cached using the Cache button located immediately to the right of the imported file. Again, it takes several minutes to process. However, as before, this procedure must only be done once, the first time the file is used. Note that this cache step must also be repeated if any changes have been applied to the control-point shapefile; the program will always ask you permission.
Importing the Collected GPS Data
The third file needed is the actual GPS data file that has been exported from the Aspen software into the shapefile format This file is very important, as it contains the information about the run, including the location of the vehicle every one or two seconds, the speed of the vehicle, the time of the travel, the date of the travel and other values that have been obtained using Aspen field software created by Trimble. This software is no more in production, however, as mentioned before, any data that is in the ESRI shapefile format can be processed with the GPS Calculator.
The procedure for importing the GPS point shapefile is identical to the previous two sections. Again, click the Browse button located next to the GPS Shapefile text box, located several fields below the previous shapefile prompts. This can be seen easily in Figure 4 . Once thefile has been selected it must be cached using the Cache button located immediately to the right of the imported file. Again, it takes several minutes to process. However, as before, this procedure must only be done once, the first time the .file is used. Note that this cache step must also be repeated if any changes have been applied to the GPS point shapefile; the program will always ask you permission.
Final Notes on Data Importation
If the user wishes, it is not necessary to cache the three data files individually. After using Browse, and having valid file names in each associated text box, it is possible to cache all three files simultaneously. This can be done using the Read All Files button. After all three data files are cached; the spreadsheet portion of the interface becomes populated with information from the velocity file. All fields of the table will not be filled, since additional processing is required. This additional processing leads to the next section.
Calculating GPS Points
Simply stated, the calculation of the GPS Points is the association of collected GPS data with road names and control-points. This is done using the method discussed in Section 3.1 about mathematical approach. This involves the main processing of the velocity file, which is a time consuming process due to cross-referencing with the other two files and using the search algorithm. In order to calculate GPS points, all the steps about final notes, including caching, should have been completed. After this, simply click the Calculate button, which is located above the spreadsheet portion of the main interface window.
During the calculation process, the current percentage of data that has been processed appears in the bottom right corner of the program interface. When the calculation is completed, the program will display Done in the bottom left corner of the interface. Now the program has identified the control-points that have been found for the default search radius. After clicking Display, the information appears in the fourth column with the heading Control Point
It is possible that all points will be not classified correctly, meaning a point can be associated with an incorrect street name or with an incorrect control-point. Functionality exists to fix these misclassifications;
Step 9Street Name Data Filtering handles street name misclassifications and Step 10Recalculating Control-points deals with control-point problems.
Correction of GPS Measurement Errors
The smoothing method, Kalman filter, recursively estimates outputs using the feedback system. The Kalman filter model can be considered as the combination of two processes: a time updating process and a measurement updating process. The time update and measurement update equations [15] are as follows: Because this study uses the second-by-second GPS speed data and tests the Kalman filter separately, the time transition matrix, A is 1; and k µ in Equation (14) becomes zero. The Equations (14)- (18) can be changed into the following form:
In an example, shown in Figure 5 (a), we use a dataset based on measured second-by-second GPS data between 3:05:10PM and 3:23:30PM on 9/26/2012 on the eastbound lanes of State Route 92 Highway, Delaware. As shown in Figure 5(b) , since some GPS errors may exist in the data, travel speed can have abrupt changes across the regions. Figure 5(c) shows the results which have been smoothed with Kalman filter to reduce the impacts of noise in the GPS data. GPS points, it is possible to visualize the GPS shapefile. This is done by pressing the Draw button to display the data. The Draw can be seen in Figure 4 , immediately below the GPS Shape File Cache button and to the right of the Delaware map. Now one can visualize the spatial location of the current file. When pressing the Draw button, the high level map shows the route location highlighted in green. Furthermore, when pressing any cell in any column to the right of the Control Point column, the map will redraw to a closer view of the selected point.
Visualization of the Data
This can be seen more clearly in Figure 6 . In this example, the intersection of 1-95 and SR 896 is displayed. To return to the high level view, press Draw again.
Street Name Data Filtering
An important feature of the GPS Calculator is the ability to correct information. The fifth column, headed Street, contains the street names that the program reads from the centerline file by associating the GPS point to the closest road. As mentioned earlier, it is possible for a GPS point to be misclassified as another road.
Sometimes it detects the side street, as in reality it was the closest point found. However, the program has the capability of filtering these names. Using the Points to Cache slider bar, we can specify how many cells above and below the trouble cell to examine. It checks the street names within this range, and if suddenly mere is a name or two that does not match with the street names given before and after, it filters it out and assigns a new name, that of the surrounding points. This is done by adjusting the slider, and clicking the Filter button.
Recalculating Control-Points
As mentioned earlier, it is possible for the GPS Calculator to misidentify control-points. This means it either finds a control-point that does not belong to this route, or more commonly, a control-point does not fall within the search radius. This is common, since most control-points are located at major intersections, and in many cases they are under an overpass, which prevents the GPS signal from being received. Before moving forward, the user must make sure that the correct control-points have been found.
The Search Circle Radius slider bar allows the user to manually control the search radius that the program uses, until all points are found. If the control-point has not been found or is misclassified, click the cell (or cells) in the third column, which correspond to incorrect rows. The cells will turn blue. This can be seen in Figure 7 . Resetting the circle radius to a higher value increases the search area for the specified point. To recalculate the selected points, press the Recalculate Points button.
Once again, the status of the calculation will appear in the lower right, and Done will appear in the lower left when the operation is complete. Next press the Display button. The newly found point will replace the incorrect point. This process can be repeated with different radius values until the desired result is reached. At the end of the process unselect all blue cells by using the Clear Selection button, or by clicking on the blue cells.
Generally, this process must be done only once. Once the corrections are made, they will be recorded into the GPS shapefile database; therefore, when opening the file again, the processed information has been saved and will remain there.
Editing Control-Point Names and Adding
Custom Points An additional feature provided by GPS Calculator is the capability to delete and change control-point names to different names. These control-point names can be either included names from the control-point shapefile or from a custom list. The first step is to choose the control-point name to be edited. Again, this is done by clicking the cell in the third column, which corresponds to the controlpoint to be changed. It will turn blue. Next the user can right click the highlighted cell. This gives three options: select either, custom control-point; a shapefile controlpoint or clear the control-point All three of these options, along with the cell highlighting, can be seen in Figure 8. 
Custom Points
If one intends to add a temporary point GPS Calculator provides a feature to add a custom point Click the Con- trol Point menu at the top of the main interface window. This causes the Control Point dialog box to appear.
Next click the Custom Point Names tab. From here, it is possible to add, remove, and edit the names of custom points. Once they are created, they can be added through cell highlighting and right clicking, as demonstrated in the previous section.
Selecting and Changing the Desired Beginning
and End of the Run If the previous steps have been completed successfully, the user can specify which data will be exported by selecting the desired start and end of the run. To select the start of the run, click on the corresponding cell in the first column, Start. To select the end of the run, click the corresponding cell in the second column, End. As shown in Figure 9 , the selection turns into green cells. The selection can be edited by once again choosing a different start or different end of the run.
Data Exporting
The last step of the data processing is exporting the data into MS Excel data sheets. The data is displayed in Excel and can be saved for later use. The exported file contains these two sheets of data. An important feature for this GFS Calculator is the choice of the delay speed limit The Delay Speed limit bar is located in the upper right comer of the program and offers a range of 1 mph to 30 mph. This feature is very important as our research group is questioning if the current delay boundary or 5 mph is too low for multilane freeways. Once all of the previous steps are completed, the data can be exported by pressing the Export button. This causes the data to be written into the MS Excel spreadsheet.
The program finds the corresponding attributes to each control-point, i.e., the time when each control-paint was reached. It men computes the delay time between control-points and gives the information output. This information includes distance, travel time, speed, delay, running speed, and the percent of the total time in delay.
Conclusions and Recommendations
The GPS method has been widely used for travel time studies/acquiring enormous databases with many data points. It is necessary to have a data post-processing tool mat that can help eliminate human error while introducing white collecting and processing the data. The advantage of this GPS method is that it takes advantage of a spatial reference that will always be there. Therefore, using the new program, we can process the same data files over again if the control-points change (moved, deleted or new added).
This allows us to refresh the information and make it comparable with new data if the segments have changed. Since control-point changes apply to the control-point shapefile, it takes only a few minutes to add, delete or update the control-point information.
As a result, the GPS Calculator was created to assist with the GPS data post-processing. This tool is better than manually entering control-points, as it eliminates human error while collecting the control-points. The GPS Calculator also introduces features that allow user to create custom control-points and a choice of different speed limits to classify delay. This is very important for congestion management studies, as one is able to use the GPS data files collected in the past and recalculate travel times, speeds, and delay times according to the desired data analysis. Next, we will discuss the advantages and disadvantages of the GPS Calculator.
The future recommendations for the GPS Calculator use include processing of all the collected velocity files. It could be applied to the velocity files that are collected in the past to investigate if the delay criterion of 5 mph is sufficient for freeways, and if not, it could provide new delay thresholds.
